The membrane-bound proton-pumping inorganic pyrophosphatase from Rhodospirillum rubrum was heterologously expressed in Escherichia coli C43(DE3) cells and was inhibited by 4-bromophenacyl bromide (BPB), N,NV-dicyclohexylcarbodiimid (DCCD), diethyl pyrocarbonate (DEPC) and fluorescein 5V-isothiocyanate (FITC). In each case, the enzyme activity was rather well protected against inhibitory action by the substrate Mg 2 PPi. Site-directed mutagenesis was employed in attempts to identify target residues for these inhibitors. D217 and K469 appear to be the prime targets for DCCD and FITC, respectively, and may thus be involved in substrate binding. No major effect on enzyme activities was seen when any one of the four histidine residues present in the enzyme were substituted. Nevertheless, a mutant with all of the four charged histidine residues replaced retained only less than 10% of the hydrolysis and proton-pumping activities. Substitution of D217 with A or H yielded an enzyme with at least an order of magnitude lower hydrolysis activity. In contrast with the wildtype, these variants showed higher hydrolysis rates at lower concentrations of Mg 2 + , possibly reflecting a change in substrate preference from Mg 2 PPi to MgPPi. BPB is a H + -pyrophosphatase inhibitor that apparently has not been used previously as an inhibitor of these enzymes. D
Introduction
Proton-pumping pyrophosphatases (H + -PPases) [1 -3] hydrolyze inorganic pyrophosphate (PPi) and use part of the released energy to form a proton-gradient [4] over the plasma membrane in prokaryotes [1, 5] or various intracellular membranes of organelles such as vacuoles [2, 3] and acidocalcisomes [6] in eukaryotes. The property of electrogenic proton-pumping makes these enzymes functionally distinct from the smaller soluble pyrophosphatases [7] in which the energy released from hydrolysis is dissipated as heat. H + -PPases are composed of a single 66-116 kDa integral membrane protein with 14 -17 predicted transmembrane segments and belong to a fourth category of H + -phosphohydrolases distinct from A-, F-, V-, and P-ATPases.
Pyrophosphatase and pyrophosphate synthase activity by the H + -PPase (H + -PPi synthase) were originally described in chromatophores from the photosynthetic bacterium Rhodospirillum rubrum [8, 9] . After the first cloning and sequencing of a gene encoding a H + -PPase, from Arabidopsis thaliana vacuoles [10] , more than 50 homologues have emerged in databases. The gene encoding H + -PPase from R. rubrum, which was the initial bacterial H + -PPase to be cloned and sequenced [11] , has been expressed in Escherichia coli [12] . Target residues for mersalyl inhibition have been identified by site-directed mutagenesis [12] .
N,NV-dicyclohexylcarbodiimide (DCCD) is a hydrophobic carboxyl reagent that has been shown to inhibit the ATP synthase, H + -PPases [14, 15] and many other enzymes. Mutagenesis [15] and radioactive labeling/pep-tide mapping [16] have revealed plausible amino acid targets for DCCD in plant vacuolar H + -PPases but the residues identified as responsible for binding DCCD are different [15, 16] . Fluorescein 5V-isothiocyanate (FITC) is a reagent, which reacts with amines, that has been shown to inhibit P-type ATPases [17] and also a plant vacuolar H + -pyrophosphatase [18] .
Diethyl pyrocarbonate (DEPC) is a histidine-modifying reagent [19] that has been utilized to demonstrate the importance of histidine residues in the functioning of a number of different proteins. In a recent report, DEPC has been shown to inhibit a plant vacuolar H + -PPase [20] . Although DEPC is considered to be a histidine-specific agent, it has been shown to react with the nucleophilic side chains of cysteine, lysine or tyrosine in some proteins [19] . 4-Bromophenacyl bromide (BPB) appears not to be as widely used as DEPC, but has been shown to react with a histidine residue in phospholipase A 2 [21] .
Histidine residues are frequently involved in general acid -base catalysis [22] , can stabilize reaction intermediates electrostatically [23] and are also found in metal ion binding sites [24] . In the recently discovered and crystallized family II (or type C) soluble pyrophophatases [25, 26] histidine residues are located in the active site and appear to be important for catalysis. In addition, histidine residues have been shown to be involved in proton-translocation [27] .
In this paper we have studied the inhibition of the protonpumping pyrophosphatase from R. rubrum expressed in E. coli C43(DE3) [28] by using BPB, DCCD, DEPC and FITC. Plausible target residues have been identified using site-directed mutagenesis. All histidine residues of the enzyme have been replaced in order to remove the free charge at their locations. In addition, new histidine residues have been introduced to replace aspartate residues in the loop between the predicted trans-membrane segments 5 -6, which in agreement with sequence comparisons [1] , mutagenesis [13, 29] and protection studies with trypsin [29] is believed to contain a major part of the active site. The effects of these changes on the enzyme functions have been investigated.
Materials and methods

Plasmid constructions
An original cDNA clone [11] of Rr-H + -PPase (R. rubrum H + -PPase) was used as a template for polymerase chain reaction (PCR) amplification using Pfu Turbo DNA polymerase (Stratagene) and primers 1 -2 in Table 1 . Conservative substitutions were introduced in the stop codon and the codon for the first amino acid in order to enhance translation [30] in E. coli. The PCR-product was cleaved with restriction enzymes NdeI/XhoI and was inserted into the vector pET22b(+) (Novagen) cleaved with the same enzymes. This construct (Rr-H + -PPase-pET22b(+)) was sequenced to confirm absence of any unwanted substitutions, used to express wild-type Rr-H + -PPase and as a template for mutagenesis.
Mutagenesis was performed by ordinary PCR or by using Stratagene QuikChangek mutagenesis kit and the primers employed are listed in Table 1 . Products of these mutagenesis reactions were digested with either BamHI and StuI or XhoI and StuI. Isolated fragments containing the required substitutions were then inserted into the Rr-H + -PPase-pET22b(+) construct, cut with the same restriction enzymes. The inserted regions were sequenced to confirm the presence of the desired mutations and the absence of secondary substitutions. Plasmid constructions for the mutants D217A and K469R have been described elsewhere [13] .
2.2. Expression, isolation of inner membrane vesicles (IMVs) and Western blot E. coli C43(DE3) cells [28] were transformed with wild-type or variant Rr-H + -PPase-pET22b(+) constructs. Expression under control of the T7/lac promoter and isolation of IMVs were performed as described elsewhere [13] . Western blot analysis, performed as previously described [13] , revealed, in agreement with earlier results [13, 31] , an immunoreactive band with apparent approxi- Protein concentrations in IMV suspensions were measured by the method of Bradford [32] . IMV quantities were calculated in terms of protein content.
Activity measurements
PPi hydrolysis activity was measured by colorimetric estimation of liberated Pi [33] after reaction for 10 min at 30 jC in 0.1 M Tris -HCl, 0.5 mM PPi, 3 mM MgCl 2 , 40 AM ethylene glycol-bis(h-aminoethyl ether) N,N,NV,NV-tetraacetic acid (EGTA), 0.5 AM NaF, 2 AM carbonyl cyanide p-(trifluoromethoxy) phenyl hydrazone (FCCP), pH 7.75. After incubation, the samples were chilled on ice and reactions stopped with trichloroacetic acid (TCA)/acetate/ formaldehyde (4%/0.5 M/1% final concentrations). Protonpumping was assayed fluorometrically [13, 34] Table 2 . In order to investigate protective effects magnesium ions (''Magnesium'') or magnesium ions and pyrophosphate (''PPi + magnesium'') were added to samples 5 min before preincubation with inhibitor. ''Buffer only'' denotes no added Mg 2 + or PPi during preincubation with inhibitor. Incubation with inhibitor and measurement of PPase activity were performed as described in Materials and methods. In order to get a clear signal, more membrane preparation was used when measuring the inhibition of the D217H mutant (due to its low activity) as compared to the measurements of wild-type inhibition (approximately 9 versus 3 Ag membrane preparation, not enough to create a significant undesirable background effect) and the time for the hydrolysis reaction was doubled (20 min). For comparison, the bottom line in panel b is the activity of D217H after incubation with 400 AM FITC (in the absence of DCCD) for 10 min. This activity is significantly lower than the activity obtained after incubation with 400 AM DCCD ( P < 0.01 Student's t-test). Inhibition of the wild-type by FITC gives approximately the same residual activity as compared to inhibition by equal concentrations of DCCD (panel a, Fig. 3a) . Measurements on the D217A mutant gave results similar to those obtained with D217H (not shown).
rates of proton translocation were estimated as DF%/min/ mg protein where DF% = percentage decrease in fluorescence starting at time zero [34] . A close to linear relationship between acridine orange quenching and DpH has been demonstrated [35, 36] . Furthermore, initial rates of quenching show a close to linear correlation with the amount of vesicle preparation containing a proton translocating enzyme [13, 37] . For a discussion on the interpretation of results (see Ref. [13] ). The excitation and emission wavelengths were set at 495 and 540 nm, respectively. The reaction was initiated by addition of 0.1 mM PPi or 0.2 mM ATP or 10 mM DL-lactate (sodium salts) and measured with a Perkin Elmer LS 50B fluorescence spectrometer at room temperature (20 jC).
Inhibition
Incubations with inhibitors at concentrations specified in the figures were performed for 10 min in 0.1 M Tris -HCl, pH 7.75 (5 min in 0.1 M MOPS-KOH, pH 7.75 for BPB and DEPC) at room temperature (20 jC). After incubation, samples were put on ice, diluted 20-fold with PPi hydrolysis measurement medium and immediately assayed for hydrolysis activity. When investigating protective effects, samples were incubated with metal and/or substrate for 5 min at 20 jC before the application of inhibitor. All stock solutions of inhibitors were prepared fresh daily.
Results
Inhibition of R. rubrum H + -PPase in E. coli
The inhibitions of hydrolysis activity by BPB, DCCD, DEPC and FITC all seem to follow pseudo first-order kinetics since close to linear plots were yielded when the logarithms of the residual activities (remaining activity after inhibition) were plotted against time [38] (data not shown). Secondorder rate constants were estimated from plots (not shown) with apparent rate constants (of inhibition) versus inhibitor concentration and found to be approximately 140, 2, 3, 2 mM À 1 min À 1 for BPB, DCCD, DEPC, FITC, respectively. The rate constant for inhibition by DEPC may be somewhat underestimated here due to the low stability of this inhibitor in aqueous solutions [19] . The inhibitors generally seem to have a stronger effect on proton-pumping as compared to the hydrolysis activity. The R. rubrum enzyme seems to be substantially more sensitive to DEPC and FITC as compared to what has been reported for plant vacuolar H + -PPases [18, 20] . BPB has to our knowledge not been used as an inhibitor of H + -PPases previously. Fig. 2 shows the concentration dependence of inhibition by DCCD and the protection from it by Mg 2 + and PPi, in vesicles from wild-type and the D217H mutant. The wildtype enzyme is rather well protected by the substrate, Mg 2 PPi, and less by Mg 2 + alone, which indicates a substrate-binding function of the target residue (Fig. 2a) . The Fig. 3 . Inhibition of wild-type (a) and the K469R mutant (b) by FITC. Labeling and PPase activities are given as described in the legend of Fig. 2 and are also based on measurements on two different membrane preparations. For absolute activity values (100%), see Table 2 . In order to get a clear signal, more membrane preparation was used when measuring the inhibition of the K469R mutant (due to its low activity) as compared to the measurements of wild-type inhibition (approximately 9 versus 3 Ag membrane preparation, not enough to create a significant undesirable background effect) and the time for the hydrolysis reaction was doubled (20 min). For comparison (see legend of Fig. 2) , the bottom line in panel b is the activity of K469R after incubation with 400 AM DCCD (in the absence of FITC) for 10 min. This activity is significantly different from the activity obtained after incubation with 400 AM FITC ( P < 0.01 Student's t-test).
Inhibition by DCCD
prime target for DCCD in R. rubrum H + -PPase appears to be D217, since the mutant D217H (and D217A) is affected only slightly by the inhibitor (Fig. 2b) . This is in agreement with earlier results obtained from radioactive labeling/peptide mapping of the Vigna radiata H + -PPase [16] . , with vesicles from wild-type and the mutant K469R are shown in Fig. 3 . As with the DCCD inhibition, the wildtype enzyme is here also rather well protected by the substrate and to a lesser extent by Mg 2 + alone (Fig. 3a ). K469 appears to be the prime target for FITC (Fig. 3b) .
Site-directed mutagenesis
Each of the four histidine residues present in the enzyme were replaced and the variants were combined to yield eight different mutants (see Table 2 ) with one to four histidine residues substituted. No major effect on enzyme activities was seen when any one of the four histidine residues present in the enzyme were substituted alone. (Table 2 , see Discussion). A mutant with all four histidine residues replaced retains less than 10% of the activities. The mutants D217A and K469R have been described elsewhere [13] , but activity data have, for clarity, been reproduced in Table 2 .
In addition, new histidine residues were introduced in loop 5-6, the ''active site loop'' [1, 13, 29] , at positions 
Percentage of activities as compared to the wild-type activity are given. H + -translocation activity is given as initial rates of acridine orange quenching (1074 F 120 DF%/min/mg protein for wild-type). Hydrolysis activity was measured as the amount Pi liberated after 10 min incubation at 30 jC (1.4 F 0.14 Amol/min/mg protein for wild-type). Activity measurements were performed at least twice on each of two to three different membrane preparations of each variant. The figures in this table are mean values of these measurements and are given as percentage, with standard deviations, of the reference wild-type activity. Each time when membrane preparations of mutants were made (three to five at a time) a membrane preparation of the wild-type was made as a reference. Activities were measured in 3 mM Mg [1, 13, 29] ) from H + -PPases of R. rubrum, A. mediterranea (gi 5708065) and one of the two putative enzymes from S. meliloti (gi 18419444). The sequence of A. mediterranea and two copies of the S. meliloti sequence are shown in order to illustrate which residues (in bold letters) that were introduced in the three mutants (D204H,R206L; D217H and NNVGHNVCG) of the R. rubrum enzyme. When producing the D204H mutant the arginine 206 present in the R. rubrum sequence was simultaneously changed to a leucine reflecting the corresponding residues in A. mediterranea. It has previously been shown that an alanine substitution of R206 has minor effect on enzyme activity [13] . Bold letters in the sequence of the Rr-H + -PPase denotes residues that are conserved to at least 80% in available H + -PPase homologues in databases. (Table 2) . reflecting natural variations in homologous H + -PPase amino acid sequences (Fig. 4) of the enzyme from Acetabularia mediterranea (gi 5708065) and one of the two putative enzymes from Sinorhizobium meliloti (gi 18419444). Variations in residues sequentially close to the histidine variation were also considered. The introduced histidine variation from the A. mediterranea enzyme, D204H,R206L, shows selective impairment of proton-translocation (Table 2) [13] . D204 could therefore be important for coupling hydrolysis with proton-pumping, since previous results [13] have shown that a R206A substitution has little effect on enzyme activity and therefore the effect of the D204H,R206L substitutions is likely to be due predominantly to D204H.
The other histidine variation is of the highly conserved DNVGDNVGD motif [1] which in S. meliloti is changed to NNVGHNVCG. When the middle aspartate, D217, in the R. rubrum enzyme was changed to a histidine approximately 8% of the activities were retained, which is considerably more than the retained activities of the D217A variant (Table 2) . Furthermore, when the whole DNVGDNVGD motif was changed to the ''corresponding'' NNVGHNVCG sequence (here called the NNVGHNVCG mutant), there was no change in hydrolysis activity as compared to D217H (9% wild-type) but proton-pumping activity was decreased (Table 2) .
Western blot analysis (Fig. 1) revealed that all mutants were expressed to approximately the same level.
Dependence on magnesium ions and pH
When plotted against concentration of magnesium ions the wild-type enzyme hydrolysis activity was the highest at approximately 1 mM Mg 2 + (Fig. 5) . The hydrolysis rate of both the H661A and the D204H,R206L mutant was the highest at higher concentrations of magnesium ions in the reaction medium (Fig. 5) . On the contrary, the D217H, NNVGHNVCG and the D217A mutants showed the highest PPase activity at Mg 2 + concentrations lower than 1 mM Mg 2 + (Fig. 5 ). Fig. 6 shows relative activities at three different pH values for the wild-type, D217A, D217H and the NNVGHNVCG mutants. (Table 2) . Fig. 7 . Inhibition of the histidine-free mutant (a) and the wild-type (b) by DEPC. Hydrolysis activities are given and were measured as described in Fig. 2 . For absolute PPase activity values (100%), see Table 2 .
Inhibition by DEPC
Although DEPC is considered to be a histidine-specific inhibitor it has been reported to react with other residues in proteins [19] . The latter also seems to be the case when it inhibits the R. rubrum H + -PPase since the mutant with all histidine residues removed retains some sensitivity to DEPC (Fig. 7a) . The histidine-free mutant is protected by Mg 2 PPi from inhibitory action, indicating that the unknown additional target residue(s) is in the vicinity of the active site. The R. rubrum enzyme is approximately an order of magnitude more sensitive to DEPC (Fig. 7b) as compared to the reported sensitivity of V. radiata vacuolar H + -PPase [20] .
Inhibition by BPB
In contrast to DEPC, BPB reacts specifically with histidine residues in the R. rubrum H + -PPase as suggested by the lack of sensitivity of the histidine-free mutant to the inhibitor in the measured concentration range (Fig. 8a) . The wildtype enzyme is highly sensitive to BPB, but is partially protected by both magnesium ions alone and the substrate, Mg 2 PPi (Fig. 8b) . Yeast inorganic soluble PPase (purchased from Sigma) and ATPase activity associated with E. coli C43 (DE3) membranes are insensitive to BPB at concentrations up to at least 100 AM (data not shown). The protection by Mg 2 + from BPB is almost eliminated in the H661A mutant (data not shown). On the contrary, this protective effect is significantly increased (as compared to the wild-type) in the mutant with H661 as the sole histidine residue left ( P < 0.05 when the paired Student's t-test was applied on ratios of residual hydrolysis activities in the presence/absence of Mg 2 + , n = 4). These results together with the increased Mg 2 + -dependence of H661A (Fig. 5) indicate involvement in metal-binding of H661 (see Discussion). Wild-type and all mutants containing a singly replaced histidine are protected by the substrate from inhibitory action. The mutants H372A, H652A and H661A seem to be protected less than wild-type and H702V (data not shown), possibly indicating that all three of these histidine residues are located in the vicinity of the active site.
The D204H,R206L mutant described above showed significantly ( P < 0.05, Student's t-test, n = 4) decreased protection by Mg 2 + from inhibition by BPB as compared to the wild-type (data not shown).
Discussion
The results presented in this paper show that D217 and K469 are likely to be main targets for DCCD and FITC, respectively, in the R. rubrum H + -PPase. The low activities of mutants with these residues replaced ( Table 2 and Ref. [13] ) and protection by the substrate from inhibitory action of DCCD and FITC on the wild-type further indicate that both D217 and K469 may bind Mg 2 PPi. This suggested role of D217 is in line with earlier results with the homologous V. radiata vacuolar H + -PPase [29] , where mutants of the residue corresponding to D217 was less sensitive to trypsin digestion in the presence of Mg 2 + alone, but more in the presence of Mg 2 PPi as compared to the wild-type. FITC also inhibits V. radiata H + -PPase [18] , but no target residue has yet been identified. In P-type ATPases the target for FITC is a lysine residue involved in substrate-binding [39, 40] . In both P-type ATPases and H + -PPases this highly conserved lysine is followed by a highly conserved glycine Table 2 .
residue [13, 39] . The reaction of the hydrophobic DCCD with the possibly substrate-binding D217 and the FITC reaction with K469, which is predicted to be close to or just within the membrane by five topology prediction programs [13] , would seem to agree with our view that the R. rubrum H + -PPase active site for hydrolysis is close to the membrane.
Replacement, by site-directed mutagenesis, of the histidine residues present in R. rubrum H + -PPase in order to remove these charged residues revealed that none of the four histidines seem to cause a dramatic decrease in activity when substituted alone ( Table 2 ). H661 is the only conserved histidine in all H + -PPase homologues (present in all of the available sequences in databases). H372 is also conserved, but only in sequence homologues of bacterial origin. The rather high retained activities in both of the triple mutants (H372A/H702V/H652A and H372/H702V/ H661A) and the low activities of the histidine-free mutant ( Table 2 ) may indicate that H652 can, to some extent, replace H661 in some functional role. A functional replacement of an active site residue may be unlikely, but it has been shown occur in other enzymes [41] . A possible role for H661 is the one of binding Mg 2 + . This is indicated, as described above, from protection studies with Mg 2 + and the increased dependence on Mg 2 + of the H661A mutant (Fig.  5) . However, this interpretation is in apparent contrast to the reported strong preference of Mg 2 + for oxygen-containing ligands [42] .
The D204H,R206L mutant, like H661A, needs higher concentrations of Mg 2 + for maximal PPase activity as compared to the wild-type (Fig. 5) . In addition, decreased protection by Mg 2 + from inhibition by BPB indicates that the introduced histidine reacts with BPB independently of the presence of metal ions and/or interferes with metal-binding. Alternatively, D204 may be involved in metal-binding. This interpretation is supported by the increased dependence of Mg 2 + of the mutant, but could be in contradiction with its high retained PPi hydrolysis activity ( Table 2, see below) . Nevertheless, the apparent selective impairment of protonpumping [13,35 -37] of D204H,R206L (Table 2) indicates that D204 is important for the coupling of hydrolysis with electrogenic proton-translocation.
This putative dual function of D204 in metal-binding and proton-pumping may be relevant for the coupling mechanism. It has been noted that the highest proton-pumping activity requires higher concentrations of Mg 2 + as compared to the Mg 2 + concentration allowing the highest hydrolysis activity of the wild-type enzyme (unpublished observation). Thus, magnesium ions at sufficient concentrations seem to support the coupling of the hydrolysis activity with the proton-pumping. Notably, H661A also seems to affect proton-pumping more than pyrophosphate hydrolysis (Table 2) , see also Ref. [27] . Also worth noting is that the retained hydrolysis activities of both D204H,R206L and H661A are lower as compared to the wild-type enzyme when the concentration of Mg 2 + is lowered (Fig. 5) . The retained hydrolysis activities in Table 2 were measured in 3 mM Mg 2 + . The remaining sensitivity of the histidine-free mutant shows that DEPC reacts with at least one residue in addition to the histidines (Fig. 7a) . Protection by the substrate indicates its vicinity to the active site.
BPB is more specific than DEPC to histidine residues in this enzyme (Fig. 8a) . The high sensitivity to BPB (Fig. 8b ) of the R. rubrum H + -PPase as compared to the lower sensitivities of the yeast soluble PPase and the ATPase activity of E. coli membranes (see Section 3.7) indicate that BPB could be used as a tool to distinguish these activities. Furthermore, the sensitivity of the enzyme to low concentrations of BPB indicates a possible usefulness of this inhibitor (or derivatives of it) against parasitic protozoa, which contain and may be dependent on homologues to the R. rubrum H + -PPase [43, 44] . for activation and may use a catalytic mechanism for PPi hydrolysis similar to that of the soluble PPases [46] . In the newly discovered and structurally resolved family II (class C) soluble inorganic pyrophosphatases the active-site with substrate contains at least three metal ions (3-4 in the earlier characterized soluble inorganic PPases) and three histidine residues appear to bind either Mn 2 + or PPi [25, 26] . One of these histidines probably acts as a general acid in catalysis [26] . This role is taken by a magnesium bound water in family I (class A and B) PPases [7] .
The probable main target for DCCD, D217, is the middle aspartate residue in the highly conserved DNVGDNVGD motif of H + -PPases. An interesting variation of this motif is found in one of the two putative H + -PPases from S. meliloti. In this enzyme, the three aspartates in DNVGDNVGD are absent and the middle aspartate is replaced by a histidine, which could possibly serve as a substitute for them. This variation may indicate that all three aspartates are involved in binding to the metal part of the substrate, Mg 2 PPi, while the substituting histidine in S. meliloti may bind directly to the pyrophosphate part or act as a general acid in catalysis.
In order to initially test this hypothesis, we replaced the DNVGDNVGD motif in the closely related R. rubrum enzyme (63% amino acid sequence identity) with the ''corresponding'' NNVGHNVCG sequence present in the S. meliloti homologue. As seen in Table 2 , approximately 10% of the hydrolysis activity in this new mutant was retained (but less proton-pumping), which can be compared to the approximately 3% retained hydrolysis activity (and no measurable proton-pumping) of the D217A mutant (a D217E mutant shows even less activity [13] ). Furthermore, the new mutant showed the highest hydrolysis rate at a lower concentration of Mg 2 + as compared to what the case is for the wild-type (Fig. 5) . A D217H mutant retained approximately 10% of both activities (Table 2) and showed approximately the same pattern of Mg 2 + dependence (Fig.  5) . However, a similar pattern of Mg 2 + dependence is also exhibited by the D217A mutant. In addition, the D217A, D217H and the ''NNVGHNVCG'' mutants all show elevated activities at higher pH (Fig. 6) , where the histidine residue is likely to be uncharged. These results indicate that the introduced histidine residue does not bind to the substrate, but a possible function as a general acid cannot be ruled out.
A detailed explanation for the increased activity of the D217H mutant as compared to both the D217A and the D217E mutants may have to await a 3D-structure of the enzyme. Nevertheless, we tentatively propose that a substitution of D217 with an alanine or a histidine leads to a change in the substrate preference of the enzyme, from Mg 2 PPi to MgPPi.
In summary, certain amino acids of the H + -PPase have been tentatively identified as involved in the substratebinding (K469, D217), in the metal-binding (D204), in the coupling of hydrolysis with proton-pumping (D204, H661) and in the determination of substrate preference (D217). In addition, a new inhibitor (BPB) of H + -PPases has been presented.
